The characteristics of cyclic bending deformation and fatigue fracture are studied on polycrystalline aluminum and Al-1.0mass%Mg alloy from the metallurgical point of view. It is found that the fatigue life mainly depends on grain size and the kind of materials. Cracks are preferentially formed at grain boundaries inclined 40 -60 to the tension-compression direction, suggesting that shear stress affects the crack formation. EBSD measurements reveal the inhomogeneity of deformation. Intense development of sub-grain is seen in the grain interior close to a crack. It indicates that the work hardening close to grain boundaries triggers the crack formation.
Introduction
Weight reduction is one of the important issues in automobile industries today, because it contributes to the improvement in fuel efficiency of vehicle and thus leads the CO 2 reduction. Weight saving has been challenged on all kinds of automotive components. Of course the electrical cables which account for about 60% of wire harnesses are also an objective for the weight reduction. Since the electrical conductor is the heaviest element in the electrical cables, replacing of the conventional electrical conductor with lightweight materials is quite effective for reduction in weights. Copper has been employed as electrical conductors in conventional electrical cables, while aluminum alloys have been extensively studied as an alternative for copper for its lightness in weight, good strength and high electrical conductivity. The replacement of electric wires made of copper with aluminum alloys gives the solution for the exhaustion of copper resources at the same time.
Application of aluminum based alloy conductors to electrical cables is, however, quite limited at present, due to inadequate combinations of strength, electrical conductivity and fatigue resistance in comparison with copper. In order to expand the application field of aluminum conductor, it is essential to develop aluminum based materials with enough strength and fatigue resistance without degrading electrical conductivity.
Although many studies have been conducted on the fatigue of copper and aluminum [Lei Zeng et al., (2012) for example], there is dearth of information on cyclic bending fatigue at the conditions close to in-vehicle application. The fatigue process at the cyclic bending is also not yet clarified enough.
In the present study, cyclic bending fatigue behaviors of pure aluminum and Al-Mg alloy were investigated in the condition close to in-vehicle application. As it is already reported that grain size as well as crystal orientation distribution gives effects on the deformation behavior of polycrystalline materials [N. Kamp et al., (2007) ], special attention is paid on the effect of grain size on the fatigue bending life. 
Nomenclature

Experimental
Material
The test materials are 99.99% aluminum and Al-1.0mass%Mg alloy in a polycrystalline state. As a reference, pure copper was also investigated. Al-Mg alloy was produced by melting 99.99mass% pure aluminum and 99.9mass% pure magnesium in a high-frequency induction furnace. The billet with a diameter of 25 mm was obtained by casting method. Then, the diameter of the billet was reduced to 4.9 mm by cold rolling and drawing. The billets of pure aluminum and aluminum alloy were annealed at 673 K for 3.6 ks in an air. The billet of pure copper was annealed at 873 K for 3.6 ks in nitrogen atmosphere. Then, further drawing to a diameter of 1.0 mm was conducted. After the drawing, the materials were annealed at the same conditions as the first heat treatment. Finally, the wire rod was processed into a shape shown in Fig. 1 by a drawing process. After the final drawing, the specimens were heat-treated at various temperatures to control the grain size. Table 1 shows the grain sizes of the three materials. 
Experimental procedure
Cyclic bending fatigue tests were carried out using a cyclic bending machine at room temperature. Bending angle, bending rate and the maximum bending strain are 90°, 50 rpm, and 0.02, respectively. The specimen was bent cyclically along the mandrel with a diameter of 30 mm, as shown Fig. 2 . The maximum bending strain was estimated by the following equation:
where, ε, d and R are strain, specimen thickness and radius of the mandrel, respectively. One cycle is the operation to bend 90 degrees from the initial position and to bend 90 degrees to the reverse direction. Hereafter, the surface in contact with the mandrel is defined as Bottom surface, and the opposite surface as Top surface.
After the fatigue bending test, the area of the specimens around the maximum bending stain point was taken out for surface observation by mechanical cutting. After grinding, specimen surfaces were finished by electrolytic polishing in an electrolyte of 60% ethanol, 30% methanol and 10% perchloric acid. Observation was conducted by a scanning electron microscope (JSM5600) equipped with the Electron Backscatter Diffraction (EBSD) system (TSL OIM, Data Collection 7). Observation direction at EBSD measurements is shown in Fig. 3. Table 2 lists the grain size and number of cycles to failure. N f is an averaged value of at least 3 tests. Figure 4 shows the double-logarithmic plots showing the effect of grain size on the number of cycles to failure for all kinds of materials. It is seen that N f decreases with an increase in grain size irrespective of the kinds of materials. Comparison at the same grain size elucidates that fatigue life of pure copper is longest and that for pure aluminium is shortest as far as the grain size is above 100 μm. It is seen that the value of N f varies depending on the materials and the dependency of N f on grain size also varies depending on materials. Thompson et al. reported that the concentration of dislocation sources increased with an increase in grain size [A. W. Thompson et al., (1971) ]. If the slip activity is enhanced by an increase in grain size, it is expected that the specimens with large grain size may form longer slip lines, resulting in the higher dislocation density. It seems that the failure at the cyclic bending is affected by the grain size through these microstructure changes. 
Results and discussions
Cyclic bending fatigue life
Crack formation in aluminum
Figure 5 (a) and (c) show the top surface around the maximum bending strain point for the specimen with grain size of 80 μm, after the cyclic bending up to 50% of N f and up to 90% of N f , respectively. The lines observed on the specimens are scratched traces by the drawing dies, which give the information on the deformation. Development of slip bands by the cyclic bending is seen. In Fig. 5 (a) , many slip bands and a step are observed at the grain boundary, and no cracks are seen. In contrast, a crack is seen at a grain boundary in Fig. 5 (c) . The crack aligns about 45 degrees inclined to the tension-compression direction at the cyclic bending, suggesting that shear deformation plays an important role in the crack generation. Then, the relationship between the frequency of cracks and the angles of the crack against the tensioncompression direction was investigated. Figure 6 shows the definition of the angle. The relationship between angles and the number of grain boundaries with and without cracks is shown in Fig. 7 . In total, 234 grain boundaries are examined. No preferential distribution of the angles is seen in the mesured 234 grain boundaries while the angles for the cracked grain boundaries show the clear tendency; cracks preferentially develop at the boundaries inclined between 40 -60 degrees. This suggests that shear stress concerns with the crack formation. 
Deformation in the crystal grains
In order to examine the relationship between fatigue failure and the matrix deformation, analysis based on EBSD measurements were conducted. Results on the specimen before bending test and after cyclic bending up to the 90% of N f in aluminium are shown in Fig. 8 . It is seen that preferred orientations as well as the development of subgrains is not seen. No distinct variation is seen in the orientation of grain interiors. This means that the material is in a fully recrystallized state. In contrast, the material after cyclic bending shows gradations in the grains, and development of sub-grains is clearly seen in the grain boundary map. In KAM map (f), the inhomogeneous distribution of crystal orientations is seen in the grains near both top and bottom surfaces. Although the material was cyclically deformed up to 90% of N f , the misorientation is relatively small such as 1 to 2 degrees. Furthermore, the value of KAM in the central region of the specimen is smaller than those at the surface. This may indicate that a neutral axis of the cyclic bending deformation holds up to the large number of cycles. 
